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Arthrobacter sp. GLP-I is capable of using the phosphonate herbicide glyphosate (N-lphosphonomethyl]glycine) as its 
sole source of phosphorus. The formation of sarcosine from glyphosate by a carbon-phosphorus (C-P) lyase activity could 
be demonstrated in vivo, as well as in situ in cells permeabilizcd by 2% dimethylsulfoxide, when sarcosine oxidase was 
inhibited by acetate. The apparent K,,, of the C-P lyase for glyphosate was found to bc 61 PM, and a V of 2.2 
pm01 s-l m g-l soluble protein was determined. Uptake of glyphosate into the cells and C-P lyase activity represent dis- 
tinct processes. 
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1. INTRODUCTION 
The bacterial metabolism of organophospho- 
nates has found much interest because of the 
natural occurrence of such compounds as well as 
the increasing release of numerous phosphonate- 
containing xenobiotics, such as the herbicide gly- 
phosate (ZV-[phosphonomethyllglycine), into the 
environment [l]. The biochemistry of the cleavage 
of the carbon to phosphorus bond is poorly under- 
stood because, to date, no cell-free preparations of 
carbon-phosphorus (C-P) lyase activity have been 
obtained [2-41. A single apparent exception is the 
phosphonoacetaldehyde hydrolase (phosphonat- 
ase, EC 3.11.1.1) of Bacillus cereus which is in- 
volved in the degradation of the naturally occur- 
ring 2-aminoethylphosphonate [5]. This enzyme is 
highly specific for phosphonoacetaldehyde, the 
transamination product of 2-aminoethyl- 
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phosphonate. Whereas the hydrolytic cleavage 
of phosphonoacetaldehyde occurs via an inter- 
mediate imine formation [6], the cleavage of the 
unactivated C-P bond of alkylphosphonates by C- 
P lyase(s) represents a functionally distinct reac- 
tion [7,8]. Several bacterial strains have been 
shown to possess C-P lyase activity which enables 
them to use a wide range of alkylphosphonates as 
their sole source of phosphorus (see [l] for 
references). It has been proposed that the C-P 
lyase catalysed reaction involves radical inter- 
mediates [7,8]. Evidence was recently presented 
that the initial step in the degradation of the phos- 
phonate herbicide glyphosate by Arthrobacter sp. 
GLP-1 and Pseudomonas sp. PG 2982 is the for- 
mation of sarcosine (N-methylglycine) [3,9, lo]. 
While it was not possible to demonstrate gly- 
phosate-degrading activity in a cell-free system 
[3,9,11], we report here an in situ assay of such ac- 
tivity in permeabilized cells of Arthrobacter sp. 
GLP-1. 
2. MATERIALS AND METHODS 
Isolation and cultivation of Arthrobacter GLP-1 as well as 
the uptake experiments have been described [3,12]. The reaction 
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mixture for the conversion of glyphosate to sarcosine in vivo 
contained in a total volume of 40 ~1: 50 mM Tris-HCl, pH 7.2; 
10 mM sodium acetate; 50~M [3-‘?]glyphosate (180 MBq/ 
mmol) and 5-10 x lo9 cells.ml-’ in the logarithmic growth 
phase (ASSO = 1.0). After 30 min at 3O”C, the reaction was in- 
terrupted by centrifugation (1 min, 15000 x g), and 5 pl ali- 
quots of the supernatant subjected to thin-layer chroma- 
tography. To assess C-P lyase activity in situ, 2% di- 
methylsulfoxide (v/v) was added to the reaction mixture. Pro- 
tein concentrations were determined after sonication and 
centrifugation of the bacteria [13]. Separation of glyphosate 
from sarcosine was readily achieved by thin-layer chromatogra- 
phy on cellulose sheets using isobutyric acid/water/l-propanol/ 
cont. NHdOH/2-propanol/l-butanol (500:95 : 70:20: 15: 15, 
by vol.) containing 0.24 g of disodium EDTA/l as solvent [14]. 
Radioactivity on the chromatograms was calculated using an 
Isomess IM 3000 radioscanner. 
3. RESULTS 
The failure to demonstrate C-P lyase (gly- 
phosate-degrading) activity in cell-free prepara- 
tions of Arthrobacter sp. GLP-1 [3] led us to 
investigate alternative procedures for assessing the 
activity of this enzyme. The in vivo formation of 
sarcosine from glyphosate had previously been 
corroborated by thin-layer chromatography and 
enzymatic analysis of the product [3], as well as by 
automated amino acid analysis (unpublished). To 
prevent breakdown of sarcosine by sarcosine ox- 
idase in the intact cells, sodium acetate was added 
to the incubation mixture to inhibit this enzyme 
[ 151. In the presence of sodium acetate, the 
bacteria released easily detectable amounts of 
labelled sarcosine from [3-‘4C]glyphosate (fig. I), 
and it became possible to estimate the in vivo C-P 
lyase activity. Attempts to improve the assay by 
permeabilization of the cells with either ethanol/ 
toluene [ 161 or cetyltrimethylammonium bromide 
[ 171 resulted in the complete loss of sarcosine for- 
mation. However, the addition of 2% dimethyl- 
sulfoxide significantly enhanced the formation and 
release of sarcosine from glyphosate (fig.1). Sub- 
sequently, the C-P lyase activity in situ was further 
investigated under these optimized conditions 
(10 mM sodium acetate, 2% dimethylsulfoxide). 
The formation of sarcosine from 50 PM 
glyphosate was linear over an interval of 60 min 
and up to protein concentrations of 5 mg . ml-’ 
(not shown). The C-P lyase activity exhibited 
Michaelis-Menten kinetics, and an apparent Km 
value of 61 PM for glyphosate and a V of 
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Fig. 1. Glyphosate degradation by Arthrobacter sp. GLP- 1. 
Cells in the logarithmic phase of growth in the presence of 
1 mM glyphosate as the source of phosphorus were washed and 
then incubated with 50 ,uM [3-‘4C]glyphosate. At 20 min inter- 
vals, aliquots of the supernatants were subjected to thin-layer 
chromatography and the chromatograms autoradiographed. S, 
start; F, front; Rf glyphosate, 0.15; Rf sarcosine, 0.50. Lanes: 
l-3, 20, 40 and 60 min, glyphosate only; 4-6, as above, plus 
10 mM sodium acetate; 7-9, as lanes 1-3, plus 2% dimethyl- 
sulfoxide; 10-12, as above, plus 10 mM sodium acetate. 
2.2 pm01 . s-l . mg-’ were determined from a 
Lineweaver-Burk plot (not shown). 
We had previously shown that Arthrobacter sp. 
GLP-1 utilizes glyphosate only in the absence of 
orthophosphate from the growth medium [3]. Fur- 
thermore, since orthophosphate inhibits, as well as 
represses, glyphosate uptake by the bacteria [12], it 
could, previously, not clearly be established 
whether uptake and breakdown of glyphosate 
Time [hrs] 
Fig.2. Rate of glyphosate uptake and C-P lyase activity in cells 
of Arthrobacter sp. GLP-1 after transfer from medium with 
1 mM glyphosate to medium without a source of phosphorus. 
(Bars) Sarcosine formation; (O--O) glyphosate uptake. 
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Fig.3. Rate of glyphosate uptake and C-P lyase activity in cells 
of Arthrobacfer sp. GLP-1 after transfer from medium with 
1 mM orthophosphate to medium without a source of phos- 
phorus. (Bars) Sarcosine formation; (O----O) glyphosate 
uptake. 
represent distinct processes. With the advent of the 
in situ assay of the C-P lyase, this question was 
now reinvestigated. Rates of uptake and C-P lyase 
activities were monitored in cells which had grown 
in medium containing glyphosate as the sole source 
of phosphorus and were subsequently transferred 
to medium without any source of phosphorus 
(fig.2). 4 h after withdrawal of glyphosate, the rate 
of glyphosate uptake had increased &fold, while 
the C-P lyase activity was elevated only slightly. 
When bacteria were grown in the presence of 
1 mM orthophosphate as their sole source of phos- 
phorus and then transferred to medium without 
any source of phosphorus, it became apparent that 
phosphate suppressed both glyphosate uptake and 
C-P lyase activities (fig.3). Furthermore, upon 
withdrawal of the source of phosphorus, both ac- 
tivities were induced, exhibiting, however, dif- 
ferent induction kinetics (fig.3). It can therefore be 
concluded that glyphosate uptake and breakdown 
are separate events. 
4. DISCUSSION 
As an approximation to a system containing a 
cell-free C-P lyase activity, we have shown here 
that permeabilized cells of Arthrobacter sp. GLP-1 
degrade glyphosate to sarcosine which is released 
into the incubation mixture provided that further 
sarcosine metabolism is inhibited by acetate 
(fig.1). The establishment of an in situ assay for 
the C-P lyase (glyphosate-degrading) activity 
allowed us to investigate the metabolic regulation 
of glyphosate uptake and breakdown. While it is 
evident that both processes are subject to strict 
control by the supply of phosphorus to the cells 
(figs 2 and 3), they are apparently distinct from 
each other. 
Recently, genetic approaches have been chosen 
to identify the C-P lyase(s) of Escherichia coli 
which is capable of using a variety of alkylphos- 
phonates, but not glyphosate, as its sole source of 
phosphorus. In this bacterium, the C-P lyase ac- 
tivity is regulated as a part of the phosphate 
regulon, and by transposon mutagenesis the psi D 
locus was shown to be involved in methylphospho- 
nate degradation [18]. Efforts are currently 
directed toward the identification of the psi D gene 
product. In an additional effort, a mutant of E. 
coli deficient in organophosphonate degradation 
was complemented with a cosmid library of wild 
type DNA, and the complementing DNA was 
characterized by restriction analysis [19]. A com- 
bination of biochemical and genetic approaches 
should ultimately allow the identification of the 
elusive C-P lyase(s). 
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